Sumanasekera WK, Sumanasekera GU, Mattingly KA, Dougherty SM, Keynton RS, Klinge CM. Estradiol and dihydrotestosterone regulate endothelial cell barrier function after hypergravity-induced alterations in MAPK activity. Am J Physiol Cell Physiol 293: C566-C573, 2007. First published March 14, 2007; doi:10.1152/ajpcell.00418.2006.-Postflight orthostatic intolerance (POI) was reported to be higher in female than male astronauts and may result from sex-dependent differences in endothelial cell (EC) barrier permeability. Here the effect of 17␤-estradiol (E 2) and dihydrotestosterone (DHT) on the expression of the tight junction protein occludin, EC barrier function, and MAPK activation over time was tested after subjecting human umbilical vein EC (HUVEC) to brief hypergravity identical to that experienced by astronauts during liftoff (LO) into space. After LO hypergravity, HUVEC showed a time-dependent decrease in occludin correlating with an increase in paracellular permeability and a decrease in transendothelial electrical resistance, indicating a decrease in EC barrier function. LO hypergravity inhibited MAPK activation, which remained suppressed 4 h after LO. Inhibition of MAPK activation correlated with decreased phosphotyrosine occludin, decreased cytochrome-c oxidase activity, and increased paracellular permeability, suggesting a mechanism by which LO hypergravity decreased EC barrier function. Time-dependent differences in MAPK activation, decreased occludin, and EC barrier function between HUVEC treated with E 2 vs. DHT were observed. HUVEC showed delayed activation of MAPK with DHT, i.e., 4 h rather than 2 h for E 2, which correlated with decreased paracellular permeability and the observed sex differences in POI in astronauts. These data temporally separate E 2 and DHT effects in HUVEC and provide evidence for the possible protective roles of sex steroids on EC function after brief exposure to low hypergravity. paracellular permeability; estrogen; androgen AFTER RETURNING from spaceflight, ϳ24 -65% of astronauts experience symptoms including lightheadedness, loss of peripheral vision, or a sudden drop in systolic blood pressure when they are subjected to orthostatic challenges (12). A study of a small group (n ϭ 35) of astronauts suggested that postflight orthostatic intolerance (POI) is sex related since women had a higher incidence of POI compared with men (50). Because female astronauts are premenopausal, sex steroid hormones may play a role in the observed sex differences in POI (44).
AFTER RETURNING from spaceflight, ϳ24 -65% of astronauts experience symptoms including lightheadedness, loss of peripheral vision, or a sudden drop in systolic blood pressure when they are subjected to orthostatic challenges (12) . A study of a small group (n ϭ 35) of astronauts suggested that postflight orthostatic intolerance (POI) is sex related since women had a higher incidence of POI compared with men (50) . Because female astronauts are premenopausal, sex steroid hormones may play a role in the observed sex differences in POI (44) .
Symptoms of POI may result from fluid leakage through the endothelial cell (EC) tight junction (TJ) barrier (22) . TJ prevent the paracellular route of solute transport between EC by creating a physiological barrier that is regulated and maintained by TJ proteins including occludin, claudins, and zonula occludens (ZO)-1, -2, and -3 (51) . In human umbilical vein EC (HUVEC), activation of ERK/MAPK, an indicator of cell survival (30, 37) , has been shown to phosphorylate occludin, resulting in increased paracellular permeability by altering the intracellular and plasma membrane distribution of occludin (28) . Likewise, in human corneal epithelial cells MAPKmediated phosphorylation of occludin resulted in disintegration of TJ (49) . However, the impact of occludin phosphorylation is cell type specific. For example, in canine renal epithelial cells [Madin-Darby canine kidney (MDCK) cells] phospho (P)-occludin localizes at TJ (18, 39) and tyrosine phosphorylation of occludin was reported to decrease paracellular permeability (9, 47) .
We previously investigated (44) the effect of subjecting HUVEC to a brief (7.5-min) hypergravity profile (up to 3 g), mimicking liftoff (LO) of the space shuttle from Earth into orbit, to determine whether LO hypergravity alters EC function including occludin expression and MAPK signaling. In that study, it was postulated that POI may be caused by a loss of TJ function following LO hypergravity; however, it was demonstrated that LO did not affect occludin expression measured immediately after exposure to LO hypergravity (44) .
Systemic cardiovascular responses to gravity include changes in cardiac output, blood pressure, and shear stress and many cell signaling events resulting in changes in vascular tone and fluid balance and a variety of alterations in cell signaling (14 -16) . One limitation of using HUVEC as a model to evaluate responses to LO hypergravity is that HUVEC are from a conduit fetal vessel, not from adult microvascular beds. However, HUVEC serve as a convenient model to study the effect of hypergravity in EC.
The role of sex hormones in regulating EC paracellular permeability has not been defined. Both estrogens and androgens activate target gene transcription by binding to their respective nuclear receptors (genomic action) as well as by binding to receptors associated with the cell membrane (nongenomic action) (reviewed in Ref. 29) . Rapid, nongenomic effects of 17␤-estradiol (E 2 ) (8) and dihydrotestosterone (DHT) (4) include activation of the MAPK and phosphatidylinositol 3-kinase (PI3K) signaling pathways. E 2 regulates occludin by both genomic and nongenomic mechanisms in hu-man vascular EC (51) . We reported (44) that 24-h pretreatment of HUVEC with 10 nM E 2 or 10 nM DHT increased occludin expression and that LO hypergravity did not alter the induced occludin levels. Furthermore, neither E 2 nor DHT prevented the LO-mediated decrease in MAPK activation immediately following LO hypergravity (44) . With the exception of this previous study, no one has examined the effect of DHT or other androgens on EC paracellular permeability or occludin expression. Because occludin is important in maintaining the EC barrier, researchers have reported data supporting a role for occludin in maintaining the EC TJ barrier (44) . An important goal of the present study was to determine the effect of sex steroids and hypergravity on paracellular permeability and transendothelial electrical resistance (TEER) across the EC barrier as a functional measure of EC response to LO hypergravity. In addition, the question of whether MAPK activity and occludin expression change over time when HUVEC are returned to 1 g after LO hypergravity is applied was investigated. Specifically, this study investigated whether HUVEC treated with E 2 or DHT show a time-and/or hormone-dependent recovery from LO suppression of MAPK activity and changes in occludin expression and/or phosphorylation and paracellular permeability when restored to 1 g.
MATERIALS AND METHODS
Materials. E2 and DHT were purchased from Sigma (St. Louis, MO). Bicalutamide (Casodex) was graciously provided by AstraZeneca (Alderley Park, UK). PD-98059 (a MEK1 inhibitor) was purchased from Cell Signaling Technology (Beverly, MA). Antibodies for p44/42 MAPK (ERK1/2) and phospho-p44/42 (Thr202/Tyr204) MAPK (P-ERK1/2) were purchased from Cell Signaling Technology. ␤-Actin and occludin antibodies were purchased from Sigma and Zymed Laboratories (San Francisco, CA), respectively. Super Signal West Pico Chemiluminescent Substrate and protease and phosphatase inhibitors were purchased from Pierce (Rockford, IL) and Sigma, respectively. Mouse anti-phosphotyrosine antibody was purchased from BD Biosciences Pharmingen (San Jose, CA).
Cell culture. HUVEC (pooled from male and female tissues) were purchased from Cambrex BioScience (Walkersville, MD) and cultured in EGM-2 growth medium that consisted of EBM-2 supplemented with growth factors (GF) and 2% fetal bovine serum (FBS) (all supplied with the EGM-2 medium in a kit from Cambrex BioScience) in 5% CO 2 at 37°C. HUVEC were used between passages 3 and 8. For hormone treatments, HUVEC were cultured in EBM-2 without GF and without serum for 24 h before addition of E 2 and DHT to that medium, i.e., no GF or serum. For LO hypergravity experiments, cells were grown to 80 -90% confluence in BD Falcon T-75 flasks. On the day of the LO experiment, the serum-free medium was removed and replaced with 250 ml of RPMI medium (GIBCOInvitrogen, Grand Island, NY) supplemented with vehicle (EtOH) or the hormone indicated in Figs. 1-6 .
Hypergravity experiments. Cells were placed in a tabletop 37°C incubator/centrifuge [National Aeronautics and Space Administration (NASA) Flight Simulator, SHOT centrifuge] specifically designed to hold BD Falcon T-75 flasks (SHOT, New Albany, IN) (44) . The hypergravity experiments were performed as described previously (44) . In brief, the cells were subjected to short-term LO hypergravity, which was simulated with a 7.5-min computer algorithm linked to the centrifuge to generate the exact g force profile (previously reported in Ref. 44 ) experienced by astronauts during LO of the NASA space shuttle. The temperature inside the SHOT centrifuge was maintained at 37°C, and the hypergravity changes were automatically simulated with appropriate speed changes of the centrifuge as regulated by the computer controller and the operator using a computer program on a desktop computer. After completion of the LO hypergravity run, cells were placed in a 37°C 5% CO 2 tissue culture incubator at 1 g for the time period indicated in Figs. 1, 2, 4, 5, and 6. HUVEC were harvested as previously described (44) . Protein concentrations in the whole cell lysates (whole cell extracts, WCE) were determined by Bio-Rad assay.
Western blotting. Western blotting was performed as described previously (44) . In brief, 40 -50 g of protein was separated on 10% polyacrylamide SDS gels and electroblotted onto BioTrace polyvinylidene difluoride membrane (Pall, Pensacola, FL). After transfer and blocking in 5% nonfat milk cells were probed for P-MAPK and occludin, and then the membranes were stripped and reprobed for MAPK and ␤-actin, respectively. Super Signal West Pico Chemiluminescent Substrate was used for the immunodetection. The immunoblots were scanned into Adobe Photoshop version 7.0 with a Microtek ScanMaker III scanner. Un-Scan-It version 5.1 for Windows (Silk Scientific) was used to digitize and analyze the relative amounts of protein, based on pixel intensity, in the immunoblot bands.
Immunoprecipitation and immunoblotting. After serum starvation as described in Cell culture, HUVEC were treated with EtOH, 10 nM E 2, or 10 nM DHT for 24 h and WCE were prepared as described above. The WCE supernatant was precleared with protein G agarose (Upstate, Charlottesville, VA). Precleared lysate was incubated with rabbit anti-occludin antibody overnight at 4°C and then incubated with protein A Sepharose beads (Zymed, San Francisco, CA) for 2 h at 4°C. After washes in PBS and cell lysis buffer the beads were sedimented, and bound proteins were eluted with Laemmli loading buffer and boiled before separation by SDS-PAGE and Western blotting as described above. Membranes were probed for phosphotyrosine (P-tyr) and then stripped and reprobed for occludin with rabbit anti-occludin antibody (Zymed Laboratories).
Enzyme immunoassay. P-MAPK/MAPK was quantitated with TiterZyme P-ERK1/2 and total ERK1/2 enzyme immunoassay (EIA) kits from Assay Designs (Ann Arbor, MI), and assays were performed according to the manufacturer's instructions. Recombinant P-ERK1/2 and ERK1/2 standards were provided in the kits.
Fixed cell-based 96-well ELISA. Fifteen thousand HUVEC per well were seeded and then fixed on 1% collagen-coated 96-well plates, and ELISA was performed to detect the amount of P-MAPK and occludin expression according to the methods described by Bulayeva et al. (7) . P-MAPK and occludin expression were normalized against cell number with the crystal violet staining assay (7) .
Paracellular permeability assay. One hundred thousand HUVEC were seeded on polycarbonate porous cell culture inserts/membranes with surface area of 0.33 cm 2 and a pore size of 0.4 m (Corning). To establish a monolayer, HUVEC were grown for 2 days in EGM-2 medium supplemented with 2% FBS. The medium was then changed to EGM-2 supplemented with 2% dextran-coated charcoal-stripped (DCC) serum. After 24-h incubation in DCC serum medium, HUVEC were treated for 24 h with EtOH, 10 nM E2, or 10 nM DHT. Subsequently, 0.25 g/l FITC-labeled Dextran 10 (Sigma) was added to the inner chamber, and the transport of the FITC-dextran across the barrier was determined by measuring the absorbance of the samples taken from the outer chamber at 490 nm over time (19) . The apparent permeability coefficient (Papp) across the EC barrier was calculated using the equation
, where dQ/dt is the mass of FITCdextran transported per minute, A is the surface area of the filter, and Co is the initial concentration of FITC-dextran used (19) . Papp values are presented in Table 1 .
Transendothelial electrical resistance. EVOM STX2 Chopstick electrodes were purchased from World Precision Instruments (Sarasota, FL). Electrodes were connected to a current source meter (Keithley, Cleveland, OH) and a nanovoltmeter (Keithley) interfaced to a computer to acquire and measure the TEER values as a function of time. One hundred thousand HUVEC were seeded on each insert as described above. Cells were treated with ethanol, 10 nM E2, or 10 nM DHT for 24 h as described above. Where indicated, cells were also pretreated with either estrogen receptor (ER)-␣ antibody HC20 or ER-␤ antibody H150 (both from Santa Cruz) or androgen receptor (AR) antibody (catalog no. 3202, Cell Signaling) for 30 min before the addition of hormone to evaluate antibody hindrance of the activation of plasma membrane-associated ER or AR. TEER was measured by placing one of the EVOM STX2 Chopstick electrodes on either side of the cell culture insert and applying a 10-A current across the EC monolayer. TEER values across the EC barrier were measured every 6 s for 5 min, i.e., 50 values, and averaged to determine the TEER value. The experiment was repeated three times to obtain a final time-averaged TEER value across the EC barrier for each treatment condition; these data were then normalized to the time-averaged TEER values obtained for the filter control. The TEER measurements across filters without HUVEC were set to 100% and used as the control for normalizing values obtained for HUVEC in medium, EtOH, 10 nM E 2, and 10 nM DHT.
Complex IV/cytochrome-c oxidase activity assay. Cytochrome-c oxidase (COX) activity was determined with a COX microplate assay (MS421) from MitoSciences (Eugene, OR) according to the manufacturer's protocol. Briefly, 6,000 cells were plated per well in six-well plates. Twenty-four hours after plating, the cells were treated with ethanol, 10 nM E 2, or 10 nM DHT for 24 h in serum-and GF-free EBM-2 medium. After LO hypergravity as described above and in Fig. 1-6 , selected plates were returned to the incubator for 30 min, 2 h, and 4 h. At the time indicated in Fig. 5 , WCE were prepared in the solutions provided in the COX assay kit according to the manufacturer's protocol. After determination of the protein concentrations, 20 g of WCE in a total volume of 200 l was added in quadruplicate to the 96-well microplate and the COX enzyme was immunocaptured within the wells. COX activity was measured colorimetrically as a change in the absorbance at 550 nm over time (0 -105 min) with a plate reader (Biotech Instruments, Winooski, VT). The average Ϯ SD of the quadruplicate values for each time point and treatment group were graphed, and the rate of COX activity was determined by the initial slope, i.e., values in the linear range from 20 to 50 min, expressed as change in optical density per minute.
RESULTS
E 2 and DHT partially restore suppressed MAPK activity after LO hypergravity. It was recently reported that E 2 and DHT rapidly, i.e., within 5 min, activate MAPK in HUVEC at 1 g in a receptor-dependent manner (44) . However, subjecting HUVEC to a 7.5-min LO hypergravity profile mimicking that experienced by astronauts in the space shuttle decreased MAPK activity to below basal levels (1 g) and prevented E 2 and DHT from activating MAPK phosphorylation immediately after exposure to LO hypergravity (44) . Here we examined the time needed after LO hypergravity for recovery of MAPK activation at 1 g. As shown in Fig. 1 , cotreatment with the ER and AR antagonists ICI-182780 and bicalutamide, respectively, inhibited E 2 -and DHT-increased MAPK activation at 1 g. Likewise, preincubation with the MEK inhibitor PD-98059 inhibited MAPK activation by E 2 and DHT, indicating nongenomic activation of MAPK in HUVEC. Notably, MAPK activation was suppressed after LO. Twenty-four-hour pretreatment with E 2 or DHT did not protect the cells against the LO-mediated suppression of MAPK activity. However, when the cells were restored to 1 g after LO, the P-MAPK-to-MAPK ratio was increased by E 2 at the 1, 2, and 4 h time points. In contrast, DHT induced an increase in MAPK phosphorylation only at the 4 h time point, indicating a delayed MAPK activation response.
Changes in occludin expression over time after LO. Twentyfour-hour treatment of HUVEC with E 2 and DHT increased occludin mRNA and protein expression at 1 g, and LO did not alter this hormone-mediated increase (44). Here we examined whether occludin expression changes over time after LO when cells are returned to 1 g and whether E 2 or DHT affects this response. As seen in Fig. 2 , when HUVEC were subjected to LO hypergravity and then incubated at 1 g, E 2 -treated cells showed decreased occludin 10 min after LO. In contrast, DHT-treated HUVEC maintained increased occludin levels up to 2 h after LO. E 2 and DHT enhance EC TJ function by decreasing paracellular permeability and increasing TEER at 1 g. Because E 2 and DHT increased occludin protein expression in HUVEC, a goal of this study was to investigate whether E 2 or DHT alters EC TJ barrier function as measured by TEER and paracellular permeability. An increase in TEER (Fig. 3) and a decrease in paracellular permeability (Fig. 4) were observed when HUVEC were plated on the filter in medium alone. The magnitude of the increase in TEER was comparable with Apparent permeability coefficient (Papp) values (in cm/s ϫ 10 Ϫ6 ) are averages Ϯ SE for n ϭ 3-9 experiments. Human umbilical vein endothelial cells were plated on cell culture inserts. After 24-h serum and growth factor starvation, the cells were treated with ethanol, 10 nM 17␤-estradiol (E2), or 10 nM dihydrotestosterone (DHT) for 24 h. The inserts (with cells) were either kept at 1 g or subjected to the liftoff (LO) hypergravity profile in the NASA flight simulator as described in MATERIALS AND METHODS. After LO, the cells were returned to the CO2 incubator at 1 g for the indicated post-LO recovery times. Paracellular permeability was measured with FITC-labeled dextran and Papp calculated as described in MATERIALS AND METHODS. previous findings in brain capillaries (46) . In addition, Seebach et al. (41) (25) . Treatment of HUVEC with E 2 and DHT increased TEER compared with medium or EtOH, indicating that both hormones increase EC barrier function (Fig. 3) . Preincubation of HUVEC with antibodies to ER-␣, ER-␤, and AR inhibited the respective ligand-induced increase in TEER, suggesting that the plasma membrane-associated receptors may mediate the observed ligand-respective increase in TEER.
Next, the effect of E 2 and DHT on EC barrier function was determined over time after LO hypergravity. LO did not alter paracellular permeability. Importantly, treatment with either E 2 or DHT resulted in a significant decrease in paracellular permeability assayed 30 min after LO (Fig. 4B) . However, after 2 h of recovery at 1 g, only DHT-treated cells showed a significant decrease in P app (Fig. 4C) . When assayed at 4 h after LO, the paracellular permeabilities of the E 2 -and DHTtreated cells were equivalent to those of the EtOH-treated cells, indicating a loss of the protective EC barrier function of both hormones (Fig. 4D) .
Effect of LO hypergravity on COX activity. Since ATP is needed to maintain EC barrier function (26) and mitochondrial respiration is the primary source of cellular ATP, the effect of hypergravity and E 2 or DHT on complex IV, i.e., COX activity, was examined in HUVEC pretreated for 24 h with EtOH, E 2 , or DHT (Fig. 5) . EtOH did not affect COX activity in HUVEC (relative to medium alone); however, both E 2 and DHT inhibited COX activity compared with the EtOH control. Immediately after HUVEC were subjected to LO hypergravity, COX activity was decreased in the E 2 -treated cells, whereas DHT-treated cells showed increased COX activity. There was no significant change in COX activity after 30 min following LO. After 2 h of recovery at 1 g following LO COX activity in the EtOH-treated cells was significantly reduced, and a further decrease was seen 4 h after LO. Similarly, the DHT-treated cells showed reduced COX activity at 2 h but no further decline 4 h after LO. The E 2 -treated cells showed no change in COX activity until 4 h after LO. E 2 and DHT differentially enhance occludin phosphorylation on tyrosine residues. Since P-occludin modulates paracellular permeability and occludin is phosphorylated via the MAPK pathway (28, 49), we measured the effect of LO on P-tyr-occludin by immunoprecipitation for occludin and Western blotting for P-tyr and total occludin. P-tyr-occludin expression was compared with MAPK activation (Fig. 6A) . After 24 h at 1 g, both E 2 and DHT increased the P-tyr-occludin-to-total occludin ratio (Fig. 6B) . LO hypergravity did not significantly alter the P-tyr-occludin-to-total occludin ratio (data not shown). After 30 min of recovery at 1 g after LO, P-tyroccludin/total occludin was reduced to basal levels in both E 2 -and DHT-treated samples (Fig. 6B ). However, 2 h after LO there was an increase in P-tyr-occludin/total occludin in hormone-treated cells, and this increase was maintained at the 4 h post-LO time point (Fig. 6B ).
DISCUSSION
POI is perhaps the most prevalent and potentially lifethreatening cardiovascular problem related to spaceflight, with the hypergravity experienced by astronauts during liftoff into space being identified as a possible mechanism for impaired vascular function impairment. Potential contributors to the problem may include, but are not limited to, reduced plasma volume (32), inadequate peripheral resistance response (6), and intravascular fluid shifting (36) . These alterations in fluid transport have been attributed to changes in capillary transport (5, 33) . The role of EC in regulating fluid transport at the capillary level via EC permeability pathways has been reported (11, 13, 21, 22, 38, 40, 45) . Here HUVEC were subjected to hypergravity by exactly mimicking the LO profile of the NASA space shuttle. Since astronauts experience the same hypergravity as the space shuttle vehicle, EC in vivo would sense the same gravitational force as the astronaut's body, with the effect being experienced immediately (within seconds) after exposure to the altered gravitational force (35, 36) . This study examined whether the deleterious effects of LO hypergravity on MAPK activity and TJ function could be reversed by "postflight" recovery at 1 g. Because of the noted sex difference in POI, i.e., female astronauts have a higher incidence of POI than males (50) , and the established vasoprotective effects of estrogens (reviewed in Refs. 8, 20, 29) , the effects of the hormones E 2 and DHT were examined in this cell model. Although it would be of interest to evaluate the response of EC from females versus males, the effect of sex was not investigated in this study. The data presented demonstrate three important conclusions. First, although both E 2 and DHT increased occludin expression in HUVEC at 1 g and LO had no immediate effect on occludin levels (44), occludin expression declines over time after LO at 1 g. Second, this decrease in occludin correlates with an increase in paracellular permeability measured by two different assays. This decrease in EC TJ barrier function could lead to a decrease in vascular volume and an increase in extracellular fluid as reported in astronauts after spaceflight (2) , which may result in POI. Third, the higher incidence of POI in female astronauts (50) corresponds to a longer "protective" effect of DHT versus E 2 on maintaining occludin expression, maintaining COX activity, and inhibiting paracellular permeability observed here in HUVEC. This is the first study to demonstrate a correlation between TEER, paracellular permeability, occludin levels, MAPK activation, COX activity, and E 2 or DHT activity. Since different vascular beds differ in function, further studies using adult EC from other vascular beds are required to evaluate the true translational applicability of the present study. A limitation of our study is that HUVEC were grown in FBS derived from animals of unknown sex and thus containing unknown amounts of GF and hormones before the 24-h serum starvation required before the treatments used in this study, which were added to the medium in the absence of FBS.
Interestingly, there was a separation of the effects of E 2 and DHT on MAPK activation, COX activity, occludin expression, and paracellular permeability over time after LO (Fig. 7) . As shown here, 24-h pretreatment of HUVEC with E 2 or DHT at 1 g increased MAPK activation. LO decreased MAPK activation. Although MAPK activity remained suppressed in DHT-treated HUVEC for 2 h after LO, E 2 increased MAPK activation after 1 h. This increase in P-MAPK/MAPK correlates with the increased P-occludin-to-total occludin ratio. In turn, these data correlate with a decrease in total occludin and increased paracellular permeability. Thus these data suggest a possible mechanism by which E 2 contributes to decreased EC barrier function at 2 h after LO.
In contrast, DHT-treated HUVEC showed a longer protection of EC barrier function that correlates with increased total occludin up to 2 h after LO. The exact reason for the differential effects of E 2 and DHT and the decrease of hormonemediated EC barrier protection over time is currently unknown. However, in light of previous reports that ER and AR subcellular distribution impacts their nongenomic activity (3, 42) , we speculate that the subcellular distribution of membrane-associated versus nuclear ER and AR in HUVEC may regulate MAPK activity, and thus occludin phosphorylation. Fig. 7 . Model of effect of hypergravity on HUVEC and impact of E2 and DHT on post-LO recovery at 1 g. The model is a summary of the data presented in Figs. 1-6 . Filled arrows indicate the direction of observed changes with E2 and DHT relative to before LO. Open arrows indicate changes relative to EtOH vehicle control at that time point. Noteworthy is the apparent correlation of P-MAPK/MAPK with P-tyr-occludin-to-total occludin ratio (P-occl/occl; Fig.  6 ) and changes in paracellular permeability. Fig. 6 . E2 and DHT alter the phosphotyrosine (P-tyr)-occludin-to-occludin ratio in HUVEC. HUVEC were serum starved for 24 h and treated with EtOH, 10 nM E2, or 10 nM DHT for 24 h. After treatment, cells were either kept at 1 g or subjected to LO as described in MATERIALS AND METHODS. After LO, cells were placed in the tissue culture incubator for the indicated recovery times. Immunoprecipitation for occludin and immunoblotting for P-tyr and then occludin was performed and analyzed as described in MATERIALS AND METHODS. A: representative Western blots. B: mean Ϯ SE P-tyr occludin/total occludin values; n ϭ 3.
a Significantly different from EtOH 1 g control (P Ͻ 0.05); b significantly different from identical treatment at 1 g without LO (P Ͻ 0.05); c significantly different from EtOH within that time point (P Ͻ 0.05).
Indeed, the observation in this study that ER-␣, ER-␤, and AR antibodies inhibited ligand-specific increases in TEER is in concordance with membrane localization and activity of these receptors. When measured at 4 h after LO, both E 2 -and DHT-treated HUVEC exhibited partial recovery of MAPK activity, which supports the hypothesis that the P-occludin-tototal occludin ratio would increase, resulting in increased paracellular permeability. As expected, the P-tyr-occludin-tototal occludin ratio was increased in E 2 -and DHT-treated cells 4 h after LO. Our data are in agreement with reports that E 2 decreased paracellular permeability and increased occludin expression in EC (51) . However, our data disagree with a report that E 2 decreased TJ resistance and increased paracellular permeability in cervical epithelial cells (52) . Together, these reports and our data indicate that the effects of E 2 on occludin expression and TJ function are cell type specific.
Gravity plays an important role in maintaining fluid volume in the vasculature (reviewed in Ref.
2). During spaceflight, astronauts experience hypergravity up to 3 g during LO from Earth, followed by microgravity in space and then a return to 1 g back on Earth. These gravity changes result in a reduction of plasma volume, possibly through disruption of TJ function in EC, which may contribute to the POI observed in astronauts. Our study supports a role of both E 2 and DHT in maintaining the TJ function in HUVEC exposed to LO hypergravity and indicates that DHT has a longer protective effect than E 2 on decreasing paracellular permeability. The correlation of these in vitro data to the lower incidence of POI in male astronauts (50) warrants further investigation. One caveat of our study is that HUVEC are from a conduit fetal vessel; thus the conclusions reached here require further testing to be applicable to adult microvascular beds since different vascular beds differ in functional and morphological characteristics (10) , and it is possible that the present results are unique to HUVEC.
The mechanisms by which hypergravity impacts EC responses are largely unknown. Long-term EC responses to 3 g hypergravity include increased caveolin-1 gene transcription (43) . E 2 was reported to stimulate cav-1 transcription in EC (37), but no one has examined the effect of androgens on cav-1 expression or EC function. Activation of cav-1 leads to the activation of many signaling pathways including MAPK (43) and PI3K (4) that maintain vascular tone and EC barrier function (43) . It is interesting to note that ER-␣ interacts directly with cav-1 (1), which offers a possible mechanism of cross talk between E 2 , hypergravity, and TJ function.
There are few reports connecting hypergravity with mitochondrial respiration and EC barrier enhancement. One study reported that subjecting rats to 3.1 g hypergravity for 8 mo increased basal metabolism and reduced the number, but increased the size, of mitochondria in the heart (17) . In EC, ATP production via mitochondrial respiration was reported to enhance EC barrier properties (26, 34) . Here we observed that 24-h treatment of HUVEC with either E 2 or DHT inhibited COX activity by 12% or 25%, respectively, which would indicate a decrease in mitochondrial respiration and ATP production. The effect of E 2 on COX activity could be genomic since E 2 was reported to inhibit the transcription of COX subunit I ϳ30% in human periodontal ligament cells (27) . In contrast, DHT had no effect on COX subunit I mRNA in rat Sertoli cells (31) . The effect of DHT may be cell type specific since 2 wk of testosterone treatment of exercise-trained female rats increased COX activity in the heart and soleus and extensor digitorum longus muscles (48) . Immediately after HUVEC were subjected to LO hypergravity, E 2 -treated cells showed decreased COX activity, whereas DHT-treated cells had increased COX activity that was sustained until 2 h after LO. Thus there was a time-dependent separation of the effect of E 2 and DHT on COX activity after LO, with DHT maintaining COX activity longer, i.e., up to 4 h, compared with E 2 . This observation correlates with the more sustained maintenance of EC TJ barrier function as measured by decreased P app in HUVEC treated with DHT. These data correlate with the observed lower incidence of POI in male astronauts (50) , although further studies are needed to refine this pathway and to elucidate the effects of hormones on EC barrier function under hypergravity conditions.
